Background: The pathophysiology of vaso-occlusive crises in sickle cell anaemia (SCA) is multifactorial and hypercoagulability is believed to play a role. The association between hypercoagulabilty and vaso-occlusive disease has been extensively studied in adult SCA patients, there is however paucity of data on the subject regarding paediatric SCA. Objective: This study set out to determine the presence of hypercoagulable states specifically in paediatric SCA subjects through quantification of specific coagulation markers during painful crises and steady state. Methodology: The study was a hospitalbased longitudinal study carried out between May and October 2015 at Federal Medical Center, Abeokuta, Nigeria. Fifty SCA subjects were consecutively recruited during painful crises and followed up into their respective steady states. Twenty-five subjects with HbAA phenotype served as controls. Assays of coagulation markers, D-dimer and prothrombin fragment (F1 + 2) were carried out by sandwich ELISA method using MyBiosource ® D-dimer and F1 + 2 ELISA kits. Results: Mean D-dimer level was 7358 ± 4354.33 ng/ml in the SCA subjects during painful crises, 5509 ± 3506.2 ng/ml during steady state, and 800 ± 1874.14 ng/ml in HbAA controls. Mean (F1 + 2) level was 0.84 ± 0.43 nmol/l in the SCA subjects during painful crises, 0.64 ± 0.25 nmol/l during steady state, and 0.41 ± 0.28 nmol/l, in HbAA controls.
Introduction
Sickle cell disease (SCD) is an inherited haemolytic anaemia whose clinical manifestations arise from the tendency of the haemoglobin S (HbS) to polymerize and deform red blood cells into the characteristic sickle shape [1] . Acute vaso-occlusive pain is the cardinal feature of SCA [2] and is largely a consequence of mechanical obstruction to blood flow by sickled red cells as well as increased adhesion of red blood cells (RBC) and leucocytes to the vascular epithelium [3] .
The presence of HbS results in a conformational change in the haemoglobin tetramer which causes the de-oxygenated HbS molecules to interact with each other to form the rigid polymers that give RBC the characteristic sickle shape [4] . Although this pathophysiological scheme constitutes the basic mechanism of the disease, and explains the haemolytic anaemia, and the mechanical aspects of vaso-occlusive crises (VOCs), it does not however account for the processes that actually trigger and perpetuate VOCs [5] .
More recent findings have implicated RBC dehydration, abnormal RBC adhesion to the endothelium, inflammation, activation of blood cellular elements, abnormalities of vascular tone and nitric oxide (NO) metabolism, as well as coagulation activation in the pathogenesis of VOCs [6] [7] [8] [9] [10] .
In spite of recent improvements in management, morbidity and mortality from SCA remain high in the West African sub-region. [11] . Painful crises are the hallmarks of SCA, and coagulation activation is now believed to play a role in the development of these crises [12] [13] .
Previous studies [12] [13] [14] [15] have established the existence of hypercoagulable states with elevated fibrin D-dimer, prothrombin fragments and thrombin-antithrombin complex levels during steady state in SCA subjects which are exacerbated during painful crises and other complications of SCA. Many of these studies [12] [13] [14] have, however, been largely restricted to adult populations. Studies [16] [17] [18] have, interestingly, also established elevated levels of specific coagulation markers in relation to aging and smoking even in the absence of overt clinical cardiovascular disease. These latter findings limit the Open Access Library Journal extrapolation of findings of elevated specific coagulation markers in adults SCA patients to paediatric populatons. Furthermore, there is paucity of data on coagulation changes in paediatric SCA patients from the West African sub-region. Only one study by Fakunle et al. [13] from the sub-region which assayed Fibrin D-dimer in adult SCA subjects in Ibadan was available to these investigators; while none assaying more than one specific coagulation marker specifically in paediatric SCA patients has been reported from the Sub-region.
Chinawa et al. [19] evaluated clotting profiles in paediatric SCA subjects and demonstrated significantly prolonged PT and PTTK values during steady state and painful crises. This finding however suggests a predisposition to abnormal bleeding rather than thrombosis [20] . Furthermore, coagulation factors are known to normally circulate as inactive zymogens in significant concentrations. Elevated levels of clotting factors alone therefore do not confirm hypercoagulability [20] , which is more reliably determined through direct measurement of markers of thrombin generation such as D-dimer, prothrombin fragment (F1 + @2) and thrombin-antithrombin complex (TAT).
This study therefore set out to determine the presence of a hypercoagulable state specifically in children with SCA during painful crises and steady state, through assay of specific coagulation markers, fibrin D-dimer and F1 + 2. It also seeks to examine the relationship between levels of these coagulation markers and objective assessment of pain in subjects.
Methodology
The study was a hospital-based longitudinal study carried out at Federal Medical Centre Abeokuta between May and October 2016.
Study Setting
The study was carried out at the Federal Medical Center (FMC), Abeokuta, a 250-bedded multi-specialist hospital which provides tertiary healthcare for inhabitants of Ogun state, as well as neighbouring South-western states of Nigeria. 
Study Population
Fifty subjects who presented with painful crises and met the inclusion criteria were recruited for the study. These were confirmed SCA patients aged between 3 Open Access Library Journal haematology clinic at FMC Abeokuta. Three years is the minimum age for which the Oucher pain chart has been validated for application, while 15 years is the cut-off age for paediatric care at the FMC Abeokuta. Painful crisis was defined as acute painful episodes in SCA subjects not attributable to any specific aetiology [21] [22] . Subjects were consecutively recruited over a period of six months till the estimated sample size of fifty was reached. The same patients were followed up into their respective steady states which was taken as six weeks after resolution of painful crises or infections, or three months after the last blood transfusion [13] .
The consents of care-givers were obtained, as well as assents of children aged 7 years and above.
SCA subjects with painful episodes with determined aetiologies, established disorders associated with hypercoagulability in children (specifically nephrotic syndrome and diabetes mellitus were screened for), other SCD variants obtained by Hb electrophoresis, as well as those who had been commenced on hydroxyurea, were all excluded from the study.
Twenty-five age and sex matched HbAA patients served as controls. These were apparently healthy individuals visiting the out-patient clinic for routine follow-up or pre-school entry examination.
The sample size was calculated using the Leslie Fischer formula. [23] with level of precision set at 4%, and an anticipated attrition rate of 10% Ethical approval for the study was obtained from the institution's Research/ Ethics Committee. Voluntarily signed informed consent was obtained from the parents of all subjects and controls. Assents of children above seven years were also obtained. Confidentiality was maintained by allotting a serial number to each participant by which they were referenced at all stages of the study.
The sample collection process resulted in fleeting pain at puncture sites. Blood samples obtained specifically for the purpose of this study were processed at no cost to the patient, and the management of those patients who were unwilling to participate was not compromised by their non-participation.
Materials
The Oucher Pain Chart [24] was utilized to assign pain scores to subjects during painful crisis. This is a poster developed to help children communicate how much pain they feel. A picture matching the perceived degree of pain was se- 
Methods
Five and one ml venous blood samples each were collected into plastic EDTA sample bottles by venipuncture from 50 consecutive SCA subjects during painful crises. Tourniquets were avoided as much as possible during sample collection.
Tourniquet use, particularly when prolonged beyond 1 minute, is known to result in activation of coagulation factors and therefore may cause artefactual changes in coagulation profiles [29] . Pain scores were respectively assigned to each subject at the point of recruitment using the Oucher faces pain chart.
The venous samples for full blood count and the specific coagulation markers were obtained from participants within 72 hours of onset of painful crises. Similar steady state blood samples were obtained from the same patients at least 6 weeks after resolution of painful crises, or 3 months afterwards in those transfused during painful episodes.
Venous blood samples for full blood count and specific coagulation markers were also obtained from 25 control subjects who were apparently healthy closely matched HbAA subjects drawn from the Paediatrics Out-Patient Department.
This group also had their haemoglobin phenotypes determined by electrophoresis using cellulose acetate strips. 
Data Management
Pre-tested proforma were administered to subjects by interview method by the investigator and two trained assistants who were junior residents in the paediatrics department. Pain scores were assigned to patients in painful crisis using the Oucher chart and scores recorded. 
Data Analysis
Data were analyzed using Statistical Package for Social Sciences (SPSS), version 20.0. The significance of the differences between mean values expressed in contingency tables was tested using the paired sample t-test with level of significance set at p-value ≤ 0.05.
Pearson correlation coefficient was used to determine associations between D-dimer and F1 + 2 values at 95% confidence interval, as well as the associations between both coagulation markers and the pain scores of the subjects. 
Results

Clinical Variables of Subjects and Controls
Laboratory Variables of Subjects and Controls
D-dimer values ranged from 840 to 15,660 ng/ml (mean: 7358 ± 4354.33 ng/ml) in the SCA subjects during painful crises, 320 to 13,200 ng/ml (mean: 5509 ± 3506.3 ng/ml) during steady state, and 90 to 8960 ng/ml (800 ± 1874.14 ng/ml) in HbAA controls. D-dimer value above 250 ng/L is elevated and suggestive of on-going thrombosis. F1 + 2 values ranged from 0.06 to 1.81 nmol/L (0.84 ± 0.43 nmol/L) in the SCA subjects during painful crises, 0.07 to 1.11 nmol/l (0.64 ± 0.25 nmol/L) during steady state, and 0.05 to 1.21 nmol/l (0.41 ± 0.28 nmol/L) in HbAA controls. F1 + 2 values above 0.3 nmol/L are elevated.
The mean platelet count was 297 × 10 9 /L during painful crisis, 306 × 10 9 /L during steady state, and 235 × 10 9 /L in HbAA controls (Table 1 ).
Comparison of Laboratory Variables of Subjects and Controls
The levels of both coagulation markers were significantly higher (D-dimer p = 0.02; F1 + 2 P = 0.01) during painful crises than in steady state amongst the SCA subjects as shown in Table 1 . There was however no significant difference between crisis and steady state platelet counts in the SCA subjects. Table 2 shows that steady state levels of both coagulation markers, as well as platelet counts, were also significantly higher than those of HbAA individuals (d-dimer P = 0.00; F1 + 2 P = 0.01). Open Access Library Journal that of HbAA controls as shown in Table 3 .
There was, however, no significant correlation between grade of pain and both D-dimer and prothrombin fragment levels (r = 0.160; p = 0.228 and r = 0.116; p = 0.453 respectively) as shown in Figure 1 and Figure 2 respectively. Likewise, there was no significant correlation between d-dimer and prothrombin fragment levels in SCA patients during painful crises (r = −0.063; p = 0.673) as seen in 
Discussion
Previous studies [12] [13] [14] have demonstrated evidence of thrombin generation in association with virtually all complications of SCA in adults. Given the heterogeneity of presenting symptoms in children with SCA, however, this study The graph shows that there was no significant correlation between D-dimer level during painful crisis and the pain scores of subjects in this study. Figure 1 . Scatter graph showing correlation between grade of pain and D-dimer levels in sickle cell crisis state (r = 0.160; p = 0.228).
The graph shows that there was no significant correlation between prothrombin fragment level during painful crisis and the pain scores of subjects. Figure 2 . Scatter graph showing correlation between pain grade and Prothrombin fragment levels in sickle cell crisis state (r = 0.116; p = 0.453). Open Access Library Journal
There was no significant correlation between D-dimer and prothrombin fragment levels in this study. restricted itself to painful crises as a common denominator across the recruited subjects.
This study demonstrated a significant increase in D-dimer and F1 + 2 levels in steady state compared to closely matched HbAA individuals, with a significant further increase during painful crises above steady state levels. This finding is indicative of on-going thrombin generation which is suficient evidence of coagulation activation in children with SCA during steady state with a further exacerbation during painful crises.
Although mean values for both coagulation markers were also above reference values in the HbAA controls, we demonstrated a statistically significant difference between the values of these markers in SCA subjects both during painful crises and steady state compared to the HbAA controls.
It should be noted also that 3 of the control subjects had considerably elevated levels of both coagulation markers which contributed to the high mean values obtained for the control group (Table 4 ). These are suspected to be artefactual, possibly due to difficult sampling. Although we did set out to specifically exclude nephrotic syndrome and diabetes mellitus, being two common childhood disorders that predispose to hypercoagulaility in children, we however did not evaluate subjects for levels of anti-coagulant proteins (such as proteins C and S).
Therefore we could not conclusively exclude the possibility of inherited or acquired abnormalities of these proteins being responsible for the elevated levels observed in these HbAA controls.
Our findings are in agreement with previous studies in adult SCA subjects [12] [13] [14] which have documented similar observations from assays of spe- This study also demonstrated significantly higher mean absolute platelet counts in subjects during steady state compared to HbAA controls (though the mean platelet counts were within normal limits in the three groups). This was similar to findings from Akinsegun et al. [31] .
Chronic circulating platelets activation is known to occur in SCA, and contributes to the hypercoagulable state in this disorder. Activated platelets release agonists such as adenosine diphosphste (ADP), adenosine triphosphate (ATP), calcium, serotinin and coagulation factors into the surrounding milieu. In addition, platelets also provide the catalytic surface for he sequential activation of coagulation factors which culminates in thrombin generation [32] . Decreased bio-availability of NO, a feature of SCD, is also known to contribute to platelet activation in SCD, as reported by Ataga et al. [10] .
This study however did not demonstrate a significant correlation between D-dimer and prothrombin fragment levels during painful crises. The time lapse following onset of painful crises may explain the insignificant correlation between the markers of coagulation [13] . Prothrombin is released during thrombin generation, while fibrin D-dimer is a product of fibrinolysis [28] . It should be noted that samples for both coagulation markers were obtained at the same point during crises and steady state respectively in this study. Although no specific time frame has been suggested for estimation of various coagulation mark-Open Access Library Journal ers in hypercoagulable states, a previous study by Ota et al. [28] postulated that prothrombin fragment may be a more useful marker for the earlier phase of thrombosis whereas D-dimer reflects fibrinolysis after clot formation. The same study [28] also reported that Prothrombin fragment was observed to correlate better with thrombin-anti-thrombin (TAT) complex than with D-dimer. TAT was however not assayed in this study. [13] Some studies [7] [12] have reported that D-dimer levels correlate with the frequency of pain episodes measured during the following year as well as the interval for development of pain episodes in adult SCA subjects rather than the severity of painful episodes.
The findings from the present study suggest the presence of a hypercoagulable state in children with SCA detectable through assay of specific markers of coagulation, D-dimer and prothrombin fragment. The clinical imports of these findings however require further exploration and may chart a new course in the management of painful crises as well as other complications of sickle cell anaemia in children. It is postulated that amelioration of vascular occlusion pharmacologically would possibly be stronger evidence that the hypercoagulability contributes to vaso-occlusive complications of SCD [33] . Current practice is however largely empirical, and existing evidence on the benefits of these proposed interventions inconclusive [8] [33] [34] [35] .
Conclusion
This study indicates the presence of a hypercoagulable state in children with SCA during steady state which is further exacerbated during painful crises.
There was no significant association between levels of coagulation markers and severity of painful episodes in paediatric SCA subjects. The clinical implications of hypercoagulability in management of painful crises, as well as other complications of SCA, however require further investigations.
Limitation
This study was limited in not assaying for anti-coagulation proteins (C and S), deficiencies of which are known to contribute to hypercoagulability in SCD. This Open Access Library Journal is particularly of importance in the light of the unexplained elevated levels of coagulation markers found in a number of the HbAA control subjects.
Recommendations
Multi-centre studies are required to further elucidate the role of hypercoagulability in complications of SCA, and possibly chart a new course in case management.
